The investigations of Si 1s and 2p photoelectron spectra of a poly-Si plate with natural oxide layers based on high energy excitation using X-ray tubes with three kinds of target (Mg Kα, Zr Lα and Ag Lα) and on the theoretical calculations using DV-Xα were presented. From the comparison between the shift values of Si 1s and 2p corresponding with the metal and oxide, it was found that 1s shift is larger than 2p shift. From the discussion on the cluster calculation, the data revealed that the direction of chemical shift is dominated by the change of the population of 3s/3p or 3d independently.
introduction
The energy of characteristic X-rays is changed due to the change of valence band. This phenomenon is useful for the chemical state analysis of bulk samples, especially insulators, non-crystalline materials and any other materials that are hard to analyze by the diffraction techniques or surface analysis techniques such as photoelectron spectroscopy due to the properties of the samples.
One of the important applications of the changes of the characteristic X-rays is the high-resolution X-ray fluorescence spectroscopy (HRXRF) using several types of high-resolution spectrometer. 1, 2 In the application of HRXRF, the characteristic X-ray caused by the electron transition between 2p -1s, called Kα, is mainly used, because the changes of Kα spectrum are so simple and clear that using Kα is easy and practical for the material analysis, especially 3rd or 4th period elements. Observing the energy changes of Kα, for example, the oxidation state analysis of P and S, 3 Cl, 4 Cr 5 or Mn, 6 or the coordination state analysis for Mg, 7 Al, 8 Si 9,10 or Ge 11 for several oxide samples were reported.
On the other hand, there are not so many reports of the discussion about the origin or the cause of this spectral change. One of the representative theoretical studies about the energy changes, called "chemical shift", was published by Leonhardt et al. 12 In the case of the chemical shifts by coordination state, Mg and Al, 7 Si 8 and Ge 11 were investigated with the cluster calculations, for example.
The characteristic X-rays are generated by the electron transition between two levels; thus the direct observation of the changes of inner shell electron levels should be useful for the correct and precise discussion about the cause of the chemical shift. For the direct observation of inner shell electron levels, the high-energy excitation X-ray photoelectron spectroscopy is one of the practical techniques. In this report, the energy changes of Si 1s and 2p, corresponding with the energy shift of Kα, due to oxidation state were studied by means of the combination of the high-energy excitation X-ray photoelectron spectroscopy with X-ray tubes and the cluster calculation.
Experimental
The measurements were carried out with ULVAC-PHI 5500 utilized with 4 X-ray; Mg (Kα 1253.6 eV), Zr (Lα 2042.6 eV), Ag (Lα 2984.7 eV) and Ti (Kα 4510.2 eV). 13 In all the measurements, X-ray tubes were operated 10 kV (100 W). Both the incident angle of X-ray and the take-off angle of photoelectron were 45 deg. The diameter of the analysis area was about 1.1 mm. The pressure of the analysis chamber was kept about 1 × 10 -8 Pa during the entire measurement. The specimen is a poly-Si plate (10 mm × 10 mm × 2 mm). The sample was dipped into a diluted mixture of nitric and fluoric acid in a few seconds, and was rinsed with pure water successively. The sample was kept in the vacuum (several Pa) dry box for about three months for generating thin natural oxide layers.
Results and Discussion
The measured spectra Figure 1 shows two Si 1s spectra. One is excited by Zr Lα, and the other is excited by Ag Lα. The kinetic energies of Si 1s are 202 eV for Zr Kα excitation and 1142 eV for Ag Lα. This result shows clearly that the photoelectrons from the substrate (metallic Si) excited by Zr Kα decayed rapidly in the oxide layer.
UNIFIT 2005 was used for both background subtraction by the iterative Shirley method 14 and curve fitting analysis with the Doniach-Sunjic type component profile for both spectra. The positions of the components corresponding to the substrate (regarded as Si 0 ) and the natural oxide layer (Si 4+ ) were calculated as the center of gravity of the peak individually, and the difference between two components was also shown in this figure. One can find out in this figure that the difference of the peak positions of these two components, corresponding with the change of Si 1s due to the chemical state, is about 5.1 eV (5.02 -5.15 eV). Figure 2 shows Si 2p spectra excited by Mg Kα, Zr Lα and Ag Lα. Si 2p intensities by Zr Lα and Ag Lα excitation were 1/10 -1/20 of those by Mg Kα excitation because of the extreme decrease in the excitation cross section. In this study, the chemical shift observed on Si 2p using Mg Kα excitation is used for comparison to that on Si 1s, as the Si 2p intensities by Zr Lα or Ag Lα excitation are 1/10 -1/20 of Mg Kα excitation, and the widths are more than twice (Zr 2 eV, Ag 3 eV and Mg 0.9 eV). 15 The result of the analysis is shown in Fig. 3 . The process of background subtraction and curve fitting analysis was the same as used in Fig. 1 . This figure shows that the difference between the two component peaks is about 4.2 eV.
A comparison between Figs. 1 and 3 shows that the difference of the two components corresponding to Si 0 and Si 4+ of Si 1s is larger than that of Si 2p. The direction of the energy changes of both levels is the same. And, this result also shows the good correspondence with the measurement result using synchrotron radiation. 16 These results do not contradict the energy change of Si Kα due to the change of oxidation state. It was reported that Si Kα shifted about 0.65 eV to the higher energy side in proportion to the change from metal (Si 0 ) to oxide (Si 4+ ). 9 From the result of the measurement in this study, the difference between the energy change of 1s and 2p photoelectron peaks is about 0.9 eV, and it can be said that these two values show good agreement with considering the differential charge build up on the oxide layer.
Discussion of the theoretical calculation
In order to facilitate the theoretical discussion, the cluster calculation using DV-Xα method 17 was adopted. The Xα approximation is using the local density approximation (LDA) for the calculation of the exchange-correlation term, and the population of each orbital is given as a real number, not an integer. 18 This is a very convenient point for the close discussion about the change of effective charge. It is already known that the change of effective charge is the dominant factor of the changes of both inner shells 19 and Kα. 12 This means that the atomic potential which dominates the behavior of inner shells might be decided by the effective charge. For the first step, the free atom calculation was executed for the evaluation of the behavior of inner shells in relation to the population (or effective charge) at each valence electron level.
Then, the cluster calculation follows to get the effective charge of the centered Si atom. Generally, the direct comparison between the eigenvalues of the cluster models corresponding with the several chemical states is difficult without the correct Madelung potential for each cluster models. In other words, the vacuum level and the absolute eigenvalues of the cluster model are decided by the Madelung potential. However, it is also known well that correct Madelung potentials are hard to obtain because of the poorness of the convergence of the evaluation process. On the contrary, the effective charge can be evaluated without the correct Madelung potential, since the correctness of evaluated effective charge only depends upon the size (number of atoms) of the cluster model. Considering this point, the cluster model included all of the atoms in the third coordination from the center atom, and the effective charge of the center atom was evaluated. Figures 4(a) and 4(b) show the eigenvalue changes at all orbital levels when the population changes for the valence Fig. 1 The Si 1s photoelectron spectra excited by Zr Lα and Ag Lα. electrons, using the free atom calculation. In the case of Fig. 4(a) , it was assumed that only 3s and 3p were filled with the electrons from the beginning, 3s is filled at first and 3p follows, when 3d was empty. In contrast, only 3d electrons were filled for Fig. 4 (b) when 3s and 3p are empty. These results show that all the core levels get deeper when the population of the valence electrons decreases.
Figures 5(a) and 5(b) show the change in the eigenvalues of 1s and 2p from Si 4+ (all the valence levels are empty) to the final population, corresponding with the Figs. 4(a) and 4(b) . These calculations show clearly the chemical shift of Si 1s is larger than that of Si 2p when the population change is dominated by 3s and 3p orbitals. And, Fig. 5(b) shows a very close, but a different, relation of energy changes for Si 1s and 2p when the population change is dominated by the Si 3d orbital. Figures 6(a) -6(c) show the change correlations of 1s and 2p for the valence orbital populations when 3s or 3p electrons are added from null (the same calculation condition as in Fig. 5(b) ) to 3. All of these results of free atom calculation show that the magnitude of 1s change is larger than that of 2p when 3s or 3p orbital are not empty.
Because the chemical bonds of 3rd period elements are mainly consist of 3s and 3d orbital electrons, the discussions above explain the spectral changes in Figs. 1 and 2 very well. Thus, the direction of the energy shift of Kα (generated by electron transition between 1s and 2p) can be explained from the above discussion. In the case of Fig. 5(a) , this result means that Kα should shift to the higher energy side for increasing the positive effective charge, and this notice is in good correspondence with the observed behavior of Kα of the 3rd typical element in general. 12 On the other hand, Fig. 5 (b) means that Kα should shift to the lower energy side for increasing the positive effective charge, and this is in good correspondence with the behavior of Kα of 3d transition element. 5, 6 In other words, these results show that the direction of the energy shift of Kα is dominated by which orbital, 3s, 3p or 3d, dominates the change of effective charge.
From all of the above discussion, one can conclude that the changes shown in Figs. 1 and 3 , or the energy differences of Kα between metallic Si and Si oxide, 9 mean the decreasing of the population of 3s or 3p, and these changes dominate the changes of effective charge of the Si atom. In order to confirm this point, the cluster calculations were carried out for metallic Si and Si oxide. The structure of tridymite was assumed for the cluster model of Si oxide for simplifying the structure of the cluster model. Two cluster models were used for the calculation, SiSi4Si12Si24 0 and SiO4Si4O12 12- . The symmetry of both models was Td (tetrahedral), and the atomic distances of Si-Si and Si-O were assumed to be 0.235 and 0.162 nm, respectively. 20 The summary of the results of the calculation is shown in Table 1 .
This table shows that 3s and 3p populations in Si oxide are less than those in metallic Si, and that the 3d population in oxide is a little more aboundant. Table 1 shows the two kinds of eigenvalues of 1s and 2p. The eigenvalues of molecular orbitals are affected strongly by the potential surrounding the whole of the cluster model, the same as for the Madelung potential, so that the direct comparison of eigenvalues between two models has no correct physical meaning, as already mentioned in the early part of this chapter. However, the convergence judgment of the calculation of DV-Xα is done by the algorithm of self-consistent charge, 17 and the atomic potentials for obtaining the atomic orbitals at each iteration used the population values of each atomic orbital from the result of the iteration just before. Thus, the eigenvalues of atomic orbitals in the calculation convergence can be used for the direct comparison between different models. Table 1 shows the eigenvalues of the molecular orbitals and the atomic orbitals corresponding to the 1s and 2p of centered Si atom. In addition, this table also shows the differences of eigenvalues between two models. These results of the cluster calculation show very good consistency with the whole of the above discussion. Thus, we conclude that the change of 1s due to the change of oxidation state of Si is larger than the change of 2p. And it can be pointed out that similar discussions are possible in all 3rd period typical elements.
This table shows the eigenvalue differences between 1s and 2p corresponding to the Kα energies. In this calculation, the relaxation of the molecular orbitals caused by the hole transition between 1s and 2p was not considered. Thus, these values are about 50 eV smaller than the observed Si Kα value. However, the tendency of the change of the difference between 1s and 2p shows good agreement in the cases of atomic orbitals and of molecular orbitals. The reason for this agreement may include the fact that taking the difference between two eigenvalues of the same cluster model cancels the effects from the Madelung potential.
Conclusion
The measurements of Si 1s and 2p photoelectron spectra of a poly-Si plate with thin natural oxide layer using Mg Kα, Zr Lα, or Ag Lα were carried out, and the theoretical calculation with Xα approximation were performed. The measurement results showed that the energy change of 1s between metal and oxide was larger than that of 2p. This observation showed the good correspondence with the energy change of Si Kα due to the same change of the oxidation state. The results of the theoretical calculation also showed good consistency with the experimental results.
The discussion using the cluster calculations revealed that the orbital (3s, 3p or 3d ) dominating the change of effective charge decided which energy change, that of 1s or that of 2p, was larger. This conclusion can also explain the direction of the shift of Kα caused by the change of oxidation state. We point out that similar discussions are possible for all 3rd period typical elements.
